One contribution of 12 to a discussion meeting issue 'Feedbacks on climate in the Earth system' . Cloud feedbacks are a leading source of uncertainty in the climate sensitivity simulated by global climate models (GCMs). Low-latitude boundarylayer and cumulus cloud regimes are particularly problematic, because they are sustained by tight interactions between clouds and unresolved turbulent circulations. Turbulence-resolving models better simulate such cloud regimes and support the GCM consensus that they contribute to positive global cloud feedbacks. Large-eddy simulations using sub-100 m grid spacings over small computational domains elucidate marine boundary-layer cloud response to greenhouse warming. Four observationally supported mechanisms contribute: 'thermodynamic' cloudiness reduction from warming of the atmosphere-ocean column, 'radiative' cloudiness reduction from CO 2 -and H 2 O-induced increase in atmospheric emissivity aloft, 'stability-induced' cloud increase from increased lower tropospheric stratification, and 'dynamical' cloudiness increase from reduced subsidence. The cloudiness reduction mechanisms typically dominate, giving positive shortwave cloud feedback. Cloudresolving models with horizontal grid spacings of a few kilometres illuminate how cumulonimbus cloud systems affect climate feedbacks. Limited-area simulations and superparameterized GCMs show upward shift and slight reduction of cloud cover in a warmer climate, implying positive cloud feedbacks. A global cloud-resolving model suggests tropical cirrus increases in a warmer climate, producing positive longwave cloud feedback, but results are sensitive to subgrid turbulence and ice microphysics schemes.
Cloud feedbacks are a leading source of uncertainty in the climate sensitivity simulated by global climate models (GCMs). Low-latitude boundarylayer and cumulus cloud regimes are particularly problematic, because they are sustained by tight interactions between clouds and unresolved turbulent circulations. Turbulence-resolving models better simulate such cloud regimes and support the GCM consensus that they contribute to positive global cloud feedbacks. Large-eddy simulations using sub-100 m grid spacings over small computational domains elucidate marine boundary-layer cloud response to greenhouse warming. Four observationally supported mechanisms contribute: 'thermodynamic' cloudiness reduction from warming of the atmosphere-ocean column, 'radiative' cloudiness reduction from CO 2 -and H 2 O-induced increase in atmospheric emissivity aloft, 'stability-induced' cloud increase from increased lower tropospheric stratification, and 'dynamical' cloudiness increase from reduced subsidence. The cloudiness reduction mechanisms typically dominate, giving positive shortwave cloud feedback. Cloudresolving models with horizontal grid spacings of a few kilometres illuminate how cumulonimbus cloud systems affect climate feedbacks. Limited-area simulations and superparameterized GCMs show upward shift and slight reduction of cloud cover in a warmer climate, implying positive cloud feedbacks. A global cloud-resolving model suggests tropical cirrus increases in a warmer climate, producing positive longwave cloud feedback, but results are sensitive to subgrid turbulence and ice microphysics schemes.
Introduction
For decades, estimates of the equilibrium climate sensitivity (ECS) to doubling of CO 2 climate models (GCMs) have had a large intermodel spread, with a 5th-95th percentile range of approximately 2-4.5 K [1, 2] . Global cloud feedbacks are the largest contributor to this spread [2, 3] . Fig. 7 .10 from the Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report (AR5) [2] showed global cloud feedbacks diagnosed from over 20 Much of the uncertainty in GCM-simulated cloud feedbacks derives from the formulation and interaction of GCM parametrizations for the processes that affect boundary-layer cloud, which are driven by turbulent circulations and associated subgrid variability not resolved in current GCMs. Parametrizations of these processes have become more sophisticated, incorporating ever more interaction between clouds and controlling factors such as thermodynamic, wind and radiative profiles, surface type and fluxes and aerosols ( [2] , ch. 7.2). In addition, GCM vertical and horizontal resolution has increased. This has presumably reduced the likelihood of surprise due to poorly represented physics, but it has not substantially reduced the overall uncertainty range. In 1989, Cess et al. [4] presented the first comprehensive atmospheric GCM (AGCM) intercomparison of cloud radiative response to a specified climate change (uniform 2 K sea-surface temperature (SST) increase). They found that the associated change in net global cloud radiative effect, or 'CRE feedback', ranged between −0.7 and 1.3 W m −2 K −1 across 14 participating models (note that global cloud feedback is approximately 0.7 W m −2 K −1 larger than CRE feedback [5] ). In a 2014 study [6] of 12 CMIP5 GCMs subject to a 4 K SST increase, the intermodel spread of CRE feedback is only slightly smaller, −0.3 to 1.0 W m −2 K −1 , while typical AGCM horizontal grid spacings decreased from 300-750 km in [4] to 100-250 km in CMIP5. At regional scales, interaction with changing large-scale circulations and land-surface feedbacks can further increase uncertainty in the cloud response to climate change [7] . Observational 'emergent constraints' that relate cloud properties in the current climate to future climate sensitivity are one important strategy to reduce global cloud feedback uncertainty. This is an active area of research, and some promising constraints have been proposed. Qu et al. [8] showed that, in GCMs, the sensitivity of long-term climate trends in subtropical stratocumulus cloud cover to changes in temperature and lower tropospheric stability is similar to the corresponding sensitivity of these clouds to interannual variability, which has been accurately observed for 30 years. Sherwood et al. [9] found strong correlations between intermodel difference in climate sensitivity and their predictions of two complementary and observable indicators of how strongly cumulus clouds over the warmest parts of the tropical oceans exchange air with their environment. Both of these studies suggest that cloud feedbacks are at the high end of the GCM-predicted range. However, each of them has inevitable shortcomings, because the present is an imperfect analogy for the path to the future. Qu et al. used a single variable, estimated inversion strength (EIS), as a proxy for all sources of stratocumulus cloud variability that are not forced by a quasi-uniform warming of the entire ocean-lower-atmospheric column. Sherwood et al. relied on indicators from the deep tropics, yet the intermodel variability in global cloud feedbacks derives mainly from the subtropics. The study appealed to remote forcing through the Hadley circulation to connect the indicators to the cloud response, but no mechanistic evidence for this was given. To judge the robustness of these proposed emergent constraints is challenging, and relies on a good process-level understanding of how similarly clouds should respond to future climate change versus the range of conditions observed in the current climate. Because GCM parametrizations produce diverse predictions about cloud feedbacks, they cannot be expected to provide this process-level understanding. For that we turn to higher resolution models that explicitly capture the cloud-turbulence interactions and cloud heterogeneity that are so challenging to parametrize.
To explicitly simulate boundary-layer and cumulus cloud formation processes requires a horizontal resolution of tens to hundreds of metres and a vertical resolution of the order of 10 m or less in the lower troposphere. For a multi-year global simulation, this is likely to remain computationally infeasible for decades hence. However, in the last decade various intermediate steps have been taken that shed light on what higher resolution simulations might teach us about cloud feedbacks, and how these predictions can be compared with observations. In §2, we discuss one such step, small-domain large-eddy simulations (LESs) of the response of marine boundary-layer clouds to specified changes in their large-scale environment that are expected to accompany greenhouse warming. LESs have resolutions of 5-50 m in the vertical and 20-250 m in the horizontal over domains of a few kilometres on a side. In §3, we turn to cloud-resolving model (CRM) simulations of the response of deep convective cloud systems to greenhouse warming, using horizontal grid spacings of a few kilometres and tens of vertical levels. Some studies have used limited area domains of 100 or more kilometres on a side, and some span larger domains, including 'mock-Walker' simulations that span a range of SSTs inside the domain, 'superparametrized' simulations that include a small CRM within each grid column of a GCM in place of conventional physical parametrizations for moist turbulent processes, and a global CRM with resolutions as fine as 7 km.
These high-resolution models have led to a range of predictions about cloud feedback, but overall they support the GCM consensus that cloud feedbacks are likely to be positive and they have begun to provide a clearer understanding of several competing mechanisms of cloud feedback. Indeed, improved process-level understanding of cloud feedbacks was a primary reason that the AR5 assessed that 'the net radiative feedback due to all cloud types is likely positive' ( [2] , SPM D.1).
2. Large-eddy simulation of subtropical boundary-layer cloud feedbacks LES is our most realistic modelling tool for cloud-topped boundary layers, because it resolves the turbulent eddies responsible for cloud formation and most of the vertical transports of heat, moisture and momentum. In an LES, cloud microphysical processes such as droplet formation, growth, precipitation and evaporation, the effects of subgrid turbulent eddies, radiative and surface turbulent fluxes must still be parametrized, but, unlike in a GCM, these parametrizations do not need to include a complex representation of subgrid variability, because most of this variability is resolved by the grid.
Model intercomparison studies suggest that current LESs robustly simulate some boundarylayer cloud types such as non-precipitating shallow cumulus, with little sensitivity of statistics such as cloud fraction or liquid water path to model details at easily achieved grid resolutions of 40 m in the vertical and 100 m in the horizontal [10] . LESs agree less well with each other and with observations for (i) stratocumulus under strong, sharp temperature inversions [11, 12] and (ii) when precipitation formation is significant [13, 14] . At a sharp inversion, fine vertical resolution is needed to simulate the inversion structure and its horizontal variability, and to resolve the small vertical eddies and filamentary downdrafts that mix the overlying air down into a stratocumulus layer. The strong longwave cooling of air at the cloud top reinforces the inversion strength and sharpness. Even with a vertical grid as fine as 5 m, many LESs tend to 'over-entrain', resulting in too thin a stratocumulus layer; this problem is exacerbated with coarser vertical resolution and is sensitive to the choices of advection scheme, subgrid turbulence parametrization, horizontal grid resolution, and even the very slight fall speed of cloud droplets.
Numerous field studies and satellite observations have shown that light precipitation is common in marine boundary-layer clouds of all types. This has led to advanced microphysical parametrizations in LESs predicting multiple moments of the size distribution of cloud and rain drops [15] , or even discrete bin-resolved representations of that distribution [16] . In addition, interest in aerosol-cloud interaction and the aerosol indirect effect on climate has led many LESs to include nucleation of cloud droplets from aerosol particles. While these processes are fundamentally well understood, diverse choices have been made in how to simplify them to be tractable for LESs, and these choices impact the simulated relationship between rain rate and cloud properties [13, 14] .
Despite these caveats, in a recent model intercomparison [17] based on an observed case of an airmass transitioning over 36 h from drizzling stratocumulus cloud to broken cumulus cloud as it moves over warmer water, the five participating LESs all showed remarkable skill in simulating the evolution of vertical thermodynamic structure, cloud thickness and fraction, precipitation rate and turbulence statistics. This suggests LESs can simulate quantitatively realistic cloud responses to large-scale change. In addition, an LES intercomparison of how boundary-layer clouds ranging from precipitating cumulus to non-precipitating stratocumulus respond to non-aerosol-related climate change [18] suggested that at least the sign of the simulated response in cloud fraction and thickness is consistent between LES models.
The application of LESs to predict marine boundary-layer cloud responses to climate change started in the last decade, as the models became more realistic and the computer power to run them for multi-day cases needed for such analysis became easily affordable. Blossey et al. [19] , Xu et al. [20] and Rieck et al. [21] all compared LESs forced by conditions representative of a control and a perturbed, warmer climate and run out for a time long enough to assess the cloud response. Each study used a different model and a sufficiently different set-up (e.g. how much the free troposphere is warmed relative to the surface, whether subsidence or horizontal advective forcings are changed, etc.) that it is hard to compare the results, which included predictions both of low cloud decrease and of increase in a warmer climate.
(a) Findings from CGILS and related work
This motivated an LES intercomparison [18] , carried out as part of the CFMIP-GASS Intercomparison of LES and SCMs (CGILS; [22] ), to test whether different LESs, if given the same control climate and perturbation, would produce a similar cloud response. This was envisioned as providing a benchmark for testing cloud feedbacks simulated by single-column versions of climate models (SCMs). Summertime-mean forcings were specified for three northeast Pacific locations with different typical cloud regimes (shallow stratocumulus, decoupled stratocumulus and trade cumulus). After the surface flux and radiation parametrizations were carefully standardized across the LESs, they all produced fairly similar and realistic steady-state cloudtopped boundary layers, with little or no precipitation in the stratocumulus cases but precipitation playing an important role in the boundary-layer and cloud structure in the trade cumulus boundary layer. Each model was subject to the same idealized climate perturbation consisting of a 2 K warming of SST, which was moist-adiabatically enhanced in the free troposphere consistent with GCM simulations, and a 10% reduction in subsidence due to weakening of the tropical Hadley-Walker circulation. When just the warming but not the subsidence change was applied, every LES thinned the clouds with little change in boundary-layer depth (a 'thermodynamic' response). When subsidence was decreased, the LES deepened the boundary layer, allowing a 'dynamic' response in which the clouds thickened, counteracting the temperature-induced thinning to an extent that depended on the model. As a result, the net cloud change was not consistent between the LESs, but this was due to compensation between two cloud responses (thermodynamic and dynamic) that were consistent between models. This helps rationalize why quantitative simulation of low cloud response to climate change is even more difficult for GCMs, in which diverse parametrization assumptions can strongly affect the compensating thermodynamic and dynamic cloud responses.
Bretherton et al. [23] explored the role of many more environmental changes expected to accompany global warming, including changes in inversion strength, free-tropospheric humidity, wind speed and CO 2 on the CGILS cases, using a single LES. They also developed a composite case (dCMIP3) in which all of these forcings were combined following best estimates from GCMs. One key finding was that there was reduced low cloud in the dCMIP3 case for all three CGILS figure 1 and listed in decreasing order of importance given the dCMIP3 climate perturbation. These apply primarily to stratocumulus cloud layers, with a large cloud fraction, a distinct capping inversion, with or without underlying cumulus clouds, but the CGILS trade cumulus results [18, 23] suggest that modified versions of these response mechanisms also apply to shallow cumulus clouds. For stratocumulus with nearly 100% cloud cover, they operate primarily by changing the horizontal-mean cloud thickness and liquid water path, and hence its optical depth. In broken cloud regimes such as the CGILS trade cumulus case, the response in cloud fraction tends to drive the response in radiative fluxes [18, 23] .
(i) Stratocumulus cloud reduction mechanisms
Thermodynamic: larger inversion specific humidity gradient (due to warmer climate or drier free troposphere) promotes more efficient turbulent entrainment-driven drying of the boundary layer. Several arguments of varying rigour have been given for this. Bretherton & Blossey [24] provided an explanation for thermodynamic stratocumulus reduction in terms of Clausius-Clapeyron 'entrainment liquid-flux feedback' driven by stronger humidity and liquid water fluxes in the cloud layer; see also [23] . Dussen et al. [25] performed idealized LESs with the same SST but different inversion temperature and humidity jumps. To each such case, they applied a uniform temperature increase with fixed relative humidity and simulated a cloud thinning, consistent with the thermodynamic mechanism. They suggested that the increased humidity jump is the primary control on the stratocumulus cloud thickness. Changes in wind speed or horizontal temperature advection also affect boundary-layer turbulence and cloud cover, and are likely to affect regional patterns of low cloud change, but appear to be of less importance for global cloud feedbacks [23] . Radiative: increased free-tropospheric greenhouse gases (CO 2 and water vapour) inhibit longwave radiative cooling from boundary-layer cloud tops, decreasing convective vertical moisture transport.
(ii) Stratocumulus cloud increase mechanisms Stability: larger inversion temperature increase reduces dry air entrainment. Dynamic: less subsidence allows a deeper inversion with more vertical development of clouds. Bretherton & Blossey [24] confirmed these mechanisms (and their relative importance) in an LES of a composite stratocumulus to cumulus (Sc-Cu) transition subject to climate perturbations.
(b) Observational support for these stratocumulus cloud response mechanisms
An advantage of mechanistic explanations of low cloud response is that they may be compared with observations of other situations in which the mechanism should operate. All of the above mechanisms have qualitative observational support of this type. Quantitative comparisons are challenging because all the LES cases to date have been idealized in important ways, and because it is difficult to remove the effects of possible covarying confounding factors in estimated cloud responses to particular forcings. In this section, the mechanisms will be discussed in historical order, which largely reflects their importance for low cloud space-time variability in the current climate rather than for climate change. This allows a better appreciation for how mechanistic understanding of controls on low cloud has built up over recent decades.
(i) Stability mechanism
Stability-driven enhancement of cloud cover explains much of the observed geographical and seasonal variation of stratocumulus cloud observed by surface observers and satellites in the current climate [26, 27] . EIS is a skillful climatological predictor of geographical and seasonal variations in marine stratocumulus cloud cover in the current climate across a substantial range of SSTs [27] . EIS is an attractive measure of stability for climate change purposes since it is designed to remove the expected moist-adiabatic stabilization of the free-tropospheric potential temperature profile in a warmer climate, hence it provides a somewhat climate-invariant estimate of the capping inversion strength [27] . The shortwave cloud radiative effect (SWCRE) of stratocumulus cloud is observed to become approximately 1 W m −2 more negative for each 1% cloud fraction increase ( [26] , fig. 3 ), while cloud fraction also increases 5-6% per K increase in EIS ( [27] , fig. 6 ; [28] , table 2), implying an observed sensitivity ∂SWCRE/∂EIS ≈ −5 W m
LESs of the three CGILS cases [23] gave ∂SWCRE/∂EIS = 0 to −5 W m −2 K −1 (based on P2SFT versus P2S cases from their figs 6, 12, 16, which differed only in having an EIS increase of approximately 2 K), while LESs of a composite Sc-Cu transition case [24] gave ∂SWCRE/∂EIS = −10 to −15 W m −2 K −1 (based on dEIS versus P4 cases in their table 2). These LES results do not encompass enough of the low cloud variability within the subtropics to make a close comparison meaningful, but at least they bracket the observations. LESs of a highly idealized stratocumulus layer with a very strong inversion showed the reverse result-thinning of the cloud layer with increased inversion strength [25] , suggesting caution in using this case as a guide to the response of real stratocumulus to environmental factors and climate change.
(ii) Dynamical mechanism
Myers & Norris [29] presented observational evidence for the dynamic cloud response mechanism (weaker subsidence favours more cloud). They analysed satellite-derived monthly mean marine low cloud cover and liquid water path, considering both geographical and seasonal variations and also interannual variability of low cloud at a fixed location. As EIS is a strong control on low cloud variability, its impact must be controlled for when analysing the role of other cloud-controlling factors [28] . Hence, they binned their data by EIS and 700 hPa mean pressure velocity ω 700 . For fixed EIS, they found that stronger mean subsidence (larger ω 700 ) is associated with less and thinner cloud, with a lower cloud top. These observed responses were estimated to be −∂CF/∂ω 700 = 1 − 2, −∂LWP/∂ω 700 = 3 − 5, −∂z inv /∂ω 700 = 50, where the units of ω 700 are 10 hPa d −1 , cloud fraction (CF) is in per cent, liquid water path (LWP) is in g m −2 , and inversion height z inv is in metres, all with relative uncertainties of 20-100%, and the ranges hold for both geographical variations and interannual variations [29] . The three CGILS LES cases S6, S11 and S12 gave ranges, respectively, of −∂CF/∂ω 700 = 0, −∂LWP/∂ω 700 = 0 − 3, [18, 23] . These LES ranges are again consistent with the observational estimates.
(iii) Thermodynamic mechanism
Qu et al. [8] gave observational support for the thermodynamic cloud response mechanism. They performed multiple regressions of the interannual variability of low cloud cover on SST and EIS in five subtropical stratocumulus regimes. They interpreted SST as a proxy of overall airsea column temperature change and used EIS to control for stability-associated cloud changes. They found that, for fixed EIS, positive SST anomalies are associated with negative cloud cover anomalies, consistent with the thermodynamic mechanism. They also found that, in GCMs, the regression of simulated interannual variability of low cloud on EIS and SST in the stratocumulus regions was consistent with their simulated low cloud response to twenty-first-century climate change, in which there are small increases in EIS and large increases in SST. That is, their observational analysis suggests that low cloud will decrease as SST warms, consistent with the thermodynamic mechanism, and in fact the implied positive cloud feedback is at the upper end of GCM predictions for the stratocumulus regions. Qu et al. did not control for subsidence, which may alias into their regression results. Bony & Dufresne [30] compared interannual cloud variability over the low-latitude oceans in GCMs with more versus less positive global cloud feedbacks. They used vertical velocity binning [7] to isolate the thermodynamic cloud response of GCMs to tropics-wide temperature. Like [8] they found that GCMs with stronger positive cloud feedbacks also show stronger interannual response of cloud to tropical warming.
Qu et al.'s table 6 predicts a 5% low cloud cover decrease for a 2 K SST warming. According to their fig. 2 , this corresponds to a −4 W m −2 SWCRE change, which is a 10% decrease from the climatological SWCRE in the stratocumulus regions [26] . The CGILS LESs also predict an approximately 10% decrease in SWCRE for a 2 K SST warming [18, 23] , albeit based on optical depth changes in a much thicker control cloud layer with 100% cloud cover, rather than cloud fraction changes. While the CGILS Sc cases are too idealized to justify a rigorous comparison, these two estimates of the thermodynamic sensitivity of low cloud are in the same range. One concern with Qu et al.'s analysis is that the regression of cloud fraction on SST and EIS that works for decadal variability and climate change does not also explain the geographical and seasonal variation of low cloud cover, which is instead well explained by EIS alone across a 15 K range of SSTs [27] . This suggests that other environmental predictors play important roles in determining low cloud cover in at least one of these two contexts.
(iv) Radiative mechanism
Observational support for the radiative cloud reduction mechanism comes from a satellite-based study by Christensen et al. [31] of the effect of cirrus that advect over underlying stratocumulus. This study selects cases from CloudSat overpasses in which some stratocumulus is covered by thin non-precipitating cirrus, while adjacent stratocumulus is not obscured by cirrus. The cirrus, like a greenhouse gas, increases downwelling longwave radiation onto the stratocumulus. Christensen et al. found a statistically significant stratocumulus thinning and drizzle reduction under the cirrus, as expected from the radiative low cloud reduction mechanism. These data are not amenable to quantitative comparison with the CGILS results because the downwelling radiation changes due to the cirrus cannot reliably be inferred, and there is not enough time for the stratocumulus response to reach equilibrium. GCMs also tend to predict radiatively driven reduction in marine stratocumulus cloud, as shown from simulations in which CO 2 is abruptly quadrupled while either keeping SST fixed [28] or considering the rapid (days to weeks) adjustment of cloud in a coupled integration, before SST has time to respond [32] . 
(c) Shallow cumulus response to climate change
The response of pure trade cumulus cloud to climate change is less clear. The forcing specification in the CGILS cases caused artificial overdeepening of the trade inversion ([18] Sec. 5.1.2), which was particularly pronounced for the shallow cumulus case. As a result the LESs simulated cumulus clouds 3-4 km deep, for which precipitation feedbacks reduce the cloud response to warming [18] .
Rieck et al. [21] compared LESs of an idealized trade cumulus case in which the entire temperature profile was uniformly warmed by up to 8 K without changing the relative humidity. They found an increase in cumulus depth, drying of the boundary layer by the associated increase in penetrative entrainment and a slight decrease in cloud cover in a warmer climate. This study was similar in spirit to the CGILS cases, except the warming was not increased moist-adiabatically with height, so the EIS was reduced in a warmer climate, explaining the boundary-layer deepening on stability grounds alone. As with stratocumulus, wind speed reduction that might also accompany climate change reduces surface moisture flux and LES-simulated trade cumulus cloud cover, while shallowing the cumulus layer [21, 33] . In contrast to stratocumulus regimes, trade cumulus boundary layers may experience stronger radiative driving in a warmer climate because of enhanced clear-sky cooling rates in the moister air between clouds [34] .
In both LESs [10, 35] and observations [36] , there is a very persistent layer of nearly nonbuoyant trade cumulus clouds just above the lifted condensation level of the subcloud mixed layer, at the base of the weakly stably stratified transition layer beneath the conditional unstable shallow cumulus layer. The transition layer is a gatekeeper. Its stratification dynamically adjusts the supply of moist subcloud updraft air to the overlying cumuli that feed off radiative destabilization [37] . The transition layer clouds are thus a mixture of nascent cumulus updrafts and 'failed' updrafts that are too weak to penetrate into the cumulus layer. Their combined cloud coverage (20% in Barbados observations) changes remarkably little in response to synoptic variability, instead reflecting tight feedback control due to its gatekeeper role [36] . Rieck et al. suggest this coverage might marginally decrease in a much warmer climate, but perhaps other factors may also be important to cloud feedbacks from trade cumulus regions. For instance, in the Caribbean area, low cloud cover is more strongly modulated by transient inversion cloud that might behave more like stratocumulus rather than the shallow cumulus cloud cover [36] . More study of this regime is needed.
That said, Rieck et al.'s explanation for the sensitivity of shallow cumulus cloud to warming is similar to the thermodynamic (entrainment liquid-flux feedback) mechanism for stratocumulus cloud reduction. The common ground is that, in a warmer climate, boundary-layer clouds of a given thickness generate turbulence and entrain dry air from above more efficiently, which feeds back to reduce the cloudiness.
(d) Synthesis
In the current climate, marine low clouds are most strongly regulated by inversion stability. For climate change, LESs suggest that the most important mechanisms of low cloud response are thermodynamically and radiatively driven cloud reduction, partly compensated by regionally varying increases in inversion stability and decreases in subsidence. All of these mechanisms have observational support. As a group, GCMs also tend to show thermodynamic (temperaturemediated) and radiative low cloud decrease (rapid adjustment at the onset of abrupt CO 2 quadrupling), leading to positive low cloud feedback on climate, but with large scatter in magnitude [38] [39] [40] . The most important mechanism for decreasing subtropical low cloud in a warmer climate is thermodynamic and is due to enhanced convective mixing efficiency-a given field of low clouds produces more upward liquid water flux and entrainment of dry free tropospheric air in a warmer climate, leading to drying of the boundary layer and cloud reduction.
In general, given adequate grid resolution, LESs and CRMs naturally simulate the cloud fields created by the interaction of moist turbulence and cumulus convection, because both are just forms of eddying motion. On the other hand, in GCMs, different parametrizations handle cloud properties, turbulence and cumulus convection, and their subgrid interactions are enormously challenging to consistently and accurately simulate [41, 42] , contributing to the range of GCMsimulated tropical cloud feedback [22, 43] . Appropriately designed GCM parametrizations should still support the same cloud response mechanisms isolated in LESs and observations, and an important ongoing challenge is the design of GCM diagnostics that quantitatively test this.
Cloud feedbacks simulated by cloud-resolving models
Most of the precipitation and much of the cloud in the tropics, and, seasonally, in parts of the midlatitudes, is due to deep convective cloud systems. The parametrization of deep convection and related cloud processes is a major uncertainty for GCMs, and their simulated global cloud feedbacks can be sensitive to cumulus parametrization. Stainforth et al. [44] showed using a perturbed parameter ensemble that the climate sensitivity of the HadAM3 model was highly dependent on a lateral entrainment coefficient in the cumulus parametrization. Gettelman et al. [45] compared the climate sensitivity of two versions of the NCAR-DOE Community Atmosphere Model (CAM4 and CAM5). The much larger climate sensitivity of CAM5 versus CAM4 was traced mainly to the use of a new shallow cumulus parametrization. Zhao [46] showed that the climate sensitivity of different versions of the Geophysical Fluid Dynamics Laboratory climate model were sensitive to the formulations of the lateral entrainment rate and precipitation formation in the updraft, because these formulations affected how cumulus cloud properties and precipitation efficiency depend on temperature. Webb et al. [47] show that removing cumulus parametrizations in a set of GCMs noticeably affected their global cloud feedbacks, though not necessarily in a particular direction.
(a) Radiative-convective equilibrium simulations by cloud-resolving models
Hence it is illuminating to also consider how deep convective clouds respond to climate perturbations in CRMs, in which larger convective updrafts and downdrafts are resolved by using horizontal grid spacings of a few kilometres and tens of vertical levels. As with LESs, these models are computationally intensive, so the problem must be idealized by using limited area domains, short simulations or both. As with LESs, microphysics and subgrid turbulence must still be parametrized. Ice and mixed-phase microphysics in deep convective clouds are much more complex and uncertain than the warm (liquid) cloud microphysics in subtropical boundary-layer clouds.
Limited-area CRM simulations of radiative-convective equilibrium (RCE) provided an early framework for looking at how deep convective cloud systems might respond to warming. A seminal study by Tompkins & Craig [48] examined RCE in a 60 × 60 km wide by 21 km deep domain with horizontally uniform SSTs of 298, 300 and 302 K, using 45 day simulations with 2 km horizontal grid spacing x and 35 variably spaced vertical grid levels. They found that the entire cloud distribution above 3 km altitude shifted upward following isotherms in a warmer climate, with a very slight reduction in horizontal extent (figure 2). Similar results were obtained by Kuang & Hartmann [49] . Hartmann & Larson [50] explained the upward cloud shift using a radiative mechanism, the 'fixed anvil temperature' (FAT) hypothesis. The idea underlying FAT is that the convective cirrus anvils mark the top of the tropospheric layer of efficient clear-sky radiative cooling, which has a fixed temperature since efficient radiative cooling requires that air be warm enough to hold significant water vapour. They also emphasized that FAT is a strong positive cloud feedback, because the infrared emission temperature of the cloud, and hence the overall longwave radiative energy loss, is reduced by the upward shift of the cloud compared with the no-feedback case of a cloud which stays at the same altitude. Zelinka & Hartmann [51] showed that a similar upward shift is robustly simulated by GCMs. The simplicity of FAT, and its robustness across model classes, contributed to the AR5 assessment that global cloud feedbacks are likely to be positive. Cloud fraction in RCE simulation with three SSTs. Adapted from [48] .
RCE simulations also tend to show a slight reduction in anvil cloud fraction with warming [48, 49] . A slight reduction in cumulus updraft mass flux with warming ( [48] , fig. 8 ) may decrease upper-tropospheric detrainment into cirrus anvils. Because the anvils encompass cirrus clouds with a range of optical thickness, reduced anvil cloud causes roughly compensating positive shortwave and negative longwave cloud feedbacks [48] . This is in contrast to the hypothetical 'iris' effect [52] associated with reduction mainly of optically thin cirrus, for which the negative longwave cloud feedback would dominate.
Another interesting feature in figure 2 is the remarkable invariance of the cloud cover profile below 2 km altitude (the shallow cumulus population) to SST warming. This echoes the results noted earlier for trade cumulus, where LESs suggested only marginal reductions in cloud fraction with warming, in contrast to the much stronger positive cloud feedbacks simulated by LESs in stratocumulus regimes. As in that case, this low-level cloud cover maximizes near the shallow cumulus cloud base. RCE simulations of Kuang & Hartmann [49] also show this invariance, though their simulations show some cloud cover reduction between 2 and 4 km altitude in a warmer climate that is sensitive to the CRM microphysics parametrization and may reflect interactions with melting of precipitation from deep cumulus cloud systems.
(b) Global cloud-resolving simulations
A global cloud-resolving model (GCRM) is arguably the ideal modelling tool for studying deep convective cloud feedbacks, because it simulates the entire range of scales from the cumulus updrafts to global circulations. Despite its computational enormity, such a model exists and has been used to study cloud feedbacks. The Japanese NICAM model has been run with near cloudresolving (7 km) horizontal resolution for 30 days and 14 km horizontal resolution for 90 days, with climatological SSTs and a uniform 2 K SST increase [53] [54] [55] .
Tsushima et al. [55] investigated the sensitivity of this experiment to selected changes in the physics parametrization with 14 km resolution (figure 3). Such short simulations can robustly identify only very large cloud responses given natural variability. The 7 and 14 km standardphysics NICAM simulations in figure 3 greatly overestimate tropical cirrus cloud cover in the present climate and show very strong positive longwave cloud feedback due to even more tropical cirrus in a warmer climate. Surprisingly, this sensitivity was traced primarily to the formulation of subgrid vertical turbulent mixing, with a secondary contribution from the formulation of snow fall speed. They sought but did not find a simple explanation for these results. The NICAM experience emphasizes that, even within a GCRM, the physical parametrizations matter to the results. Reassuringly, the sensitivity study in which high cloud cover in the present climate matches satellite observations (CS4MYNN in figure 3 ) also has much smaller cirrus cloud increases and less positive cloud feedback, in line with conventional GCMs.
(c) Results from superparametrization
Superparametrized climate models are intermediate between GCRMs and conventional GCMs. They employ the same horizontal grid as a GCM, but use a small CRM in place of the moist atmospheric physics parametrizations (cumulus convection, turbulent mixing, cloud processes) in each grid column of the GCM [56] [57] [58] . The computational expense of superparametrization is about 100 times that of a conventional GCM with the same resolution, but the model architecture is very efficiently parallelized, as the CRMs only need to communicate on the GCM time step, during which they have independently done a great deal of computation. A GCRM increases the needed computation by a further factor of 100 compared with superparametrization. It is now possible to run superparametrization in the atmospheric component of fully coupled climate models [59, 60] , and in other CMIP/CFMIP style model intercomparisons that require decade to century long integrations [61] . In future, superparametrization may allow coupling of LESs with resolutions sufficiently fine to simulate boundary-layer cumulus and stratocumulus clouds into global climate models for climate-length simulations, a daunting challenge for GCRMs.
Cloud feedbacks have been explored in multiple versions of SPCAM, the superparametrized Community Atmosphere Model. Wyant et al. [34, 62] studied the sensitivity of the first version, SPCAM3, to a uniform 2 K SST increase, finding negative shortwave cloud feedbacks at the bottom end of what had been simulated in CMIP-class models. These were due to low cloud increases over most of the subtropical oceans. Wyant et al. [63] analysed the response of a later version of SPCAM3 to CO 2 quadrupling with fixed SST, finding a shift of cloud from ocean to land but negligible globally averaged cloud changes. These studies used very short integrations of 2.5-3.5 years, inducing large sampling uncertainty, especially for sub-global-scale features. Bretherton et al. [61] analysed cloud feedbacks in a more recent version, SPCAM4, in which the dynamical core of the host climate model was changed from spectral to finite-volume. A CMIP5-style 150 year abrupt CO 2 quadrupling experiment including dynamical ocean coupling (a configuration called SPCCSM4) was supplemented by 35 year 4×CO 2 fixed SST and 4 K uniform SST warming experiments. Overall, SPCCSM4 net cloud feedbacks (figure 4) were within the mid-range of conventional GCMs participating in CMIP3/CMIP5, including high-latitude cloud increases and mid-level cloud decreases. SPCCSM4 exhibited unusually large low cloud decreases over land due to both warming and CO 2 increase, driven by decreased surface water availability and relative humidity. This compensated for a slight low cloud increase over the oceans, smaller than seen in SPCAM3, to produce a global mean net cloud feedback of 0.49 W m −2 K −1 similar to the CMIP5 multi-model mean These regional patterns were different from those in the conventionally parametrized version of CCSM4, which showed large Southern Ocean cloud decreases and more muted low cloud decreases over land, even though the global cloud feedbacks were not that different [61] . A version of SPCAM4 to which a sophisticated higher order closure scheme for representing subgrid cloud and turbulence has been added shows different patterns of regional cloud change from SPCAM4 when subjected to a 2 K SST increase (A Cheng 2015, personal communication). Unlike in NICAM, no version of SPCAM exhibits significant tropical cirrus cloud increases in a warmer climate. The sensitivity of low cloud feedbacks in superparametrized GCMs to details of model formulation, even when just considering the low-latitude oceans and a uniform SST increase, is disappointing. It reinforces that 4 km CRM resolution is too coarse to simulate such clouds and their response to climate change.
Implications for global cloud feedback uncertainty
The principal motivation for studies of cloud response to climate change using high-resolution models is to reduce (or at least better understand) uncertainty about global and regional cloud feedbacks and their potential interaction with rainfall and circulation trends. Unlike GCMs, LESs and CRMs explicitly simulate the turbulent circulations that form and interact with cloud systems, greatly reducing the complexity needed to represent moist processes including their subgrid variability. This does not guarantee more realistic results in all circumstances, but it does sidestep some of the most difficult GCM parametrization challenges, such as cumulus parametrization, interaction of cloud fraction, turbulence, microphysics, etc., allowing LES/CRM models to naturally simulate phenomena that have been long-standing challenges for GCMs, such as decoupled boundary layers, shallow cumulus convection, cold pools, and the MaddenJulian oscillation, and transitions between cloud regimes such as stratocumulus, shallow cumulus and deep cumulus. High-resolution models have limitations for climate studies, but given their complementary strengths, it would be reassuring if they give a view of cloud feedbacks that is consistent with the CMIP5 range of GCMs, and indeed that appears to be the case.
In table 1 and figure 5 , we attempt to summarize the implications of LES/CRM studies discussed in this paper for cloud feedbacks, acknowledging that some of these studies use limited-area models and do not explicitly predict global feedbacks. Because the LES sensitivity studies are all idealized, e.g. by using steady forcings, they produce 'pure' low cloud types with SWCREs that can be much larger or smaller than climatologically observed in the most comparable real cloud regime, which inevitably includes a mixture of cloud types. Therefore, table 1 normalizes LES-implied SWCRE responses to be more representative of a corresponding real cloud regime by multiplying by the ratio of the annual-mean satellite-derived SWCRE to that of the model simulation. Since the LES studies are of low cloud regimes, their implied longwave cloud feedbacks are small and in some cases not documented, so they are omitted from table 1 and figure 5. Based on preliminary results from an intercomparison of five LESs using the same 'dCMIP3' forcings for the CGILS cases (PN Blossey 2015, personal communication), the quoted shortwave feedback strengths for the LES cases have an estimated intermodel spread of 50-150% of their tabulated values (but, reassuringly, all LESs agree on the sign of the feedback). In the two cumulus cases, the simulated SWCRE perturbations are particularly small and are likely to be sensitive to specification details.
In all cases, multi-day simulations are required, mandating computational domains generally smaller than 10 × 10 km. Larger LES domains can more realistically represent the observed mesoscale organization of these cloud regimes [68] , and it is unknown how that might impact the simulated cloud response to a climate perturbation.
The LES cases are tightly controlled and focus on individual archetypical cloud regimes. Hence, it is not surprising that the simulated cloud feedbacks in these cases are more robust across models than global cloud feedbacks in GCMs and global high-resolution models that must simulate a wide assortment of cloud regimes. The main LES take-away message from figure 5 is that, overall, LESs predict stratocumulus cloud reduction and positive cloud feedback as the climate warms; with less certainty, they suggest that shallow cumulus may also slightly reduce, though it is fairly insensitive to warming. For other high-resolution model types, there are too few realizations to draw robust conclusions. The RCE simulations were on small domains, and larger domain RCE simulations are susceptible to convective aggregation [68, 69] , which may increase at warmer temperatures [70] . The RCE framework is arguably too idealized to address how large-scale convective organization changes in a warmer climate, but superparametrized simulations also show an amplified Madden-Julian oscillation over warmer SSTs [71] . The NICAM GCRM is better suited for this purpose, as it is becoming capable of sufficiently long simulations to study the temperature sensitivity of convective organization over the full range of realistic scales and with realistic geography. But one such model is not enough to draw robust conclusions given Table 1 . Cloud feedbacks simulated in various LES and cloud-resolving models. ), and for these cases we take T = 3 K, the CMIP3 multi-model mean climate sensitivity. Blossey et al. [18] considered the cloud response to greenhouse warming in multi-day Lagrangian LESs of a northeast Pacific subtropical stratocumulus to cumulus transition over SSTs that increase downstream, based on a composite case introduced by Sandu & Stevens [65] . The tabulated estimates are an average of their P4CO 2 perturbation with a climate locally warmed by 4 K and with quadrupled CO 2 , and their dEIS perturbation with the free troposphere warmed by 4 K but the SST warmed by only 2 K; this averaged scenario is based on work by Qu et al. [66] and others that suggest significant EIS increases in the stratocumulus regions. In this case, the corresponding global temperature increase is estimated as in annual mean along the simulated composite trajectory, so we take
For all local models, the shortwave cloud feedback is assumed equal to the cloud radiative effect change over low-latitude ocean regions, following estimates in [63] . For RCE, the longwave cloud feedback is calculated from the cloud radiative effect change by adding a masking correction of 1 W m the uncertainties of microphysical, turbulent and surface parametrization that remain even in a GCRM. A future comparison of multiple GCRMs will be needed, as well as further observational evaluation of the realism of GCRMs in simulating multi-scale organization of deep convective cloud regimes. In any case, the diversity of global shortwave cloud feedbacks simulated by global high-resolution models suggests that 4 km resolution is inadequate to robustly simulate boundary-layer cloud regimes, at least until more advanced turbulence parametrizations have been deployed that can skilfully bridge the scale gap between 100 m wide boundary-layer updrafts and current GCRM grid resolutions. From figure 5 , we conclude that, compared with the CMIP5 GCMs, high-resolution global models do not systematically predict higher or lower global cloud feedbacks nor do they suggest a narrower feedback range. LESs do hint that cloud feedbacks may be more positive than the CMIP5 global mean in the subtropical marine stratocumulus regimes and their downstream transitions into trade cumulus, but more studies are needed to confirm that this conclusion is robust to simulation details. High-resolution models have been particularly useful in isolating observationally verifiable mechanisms of cloud feedback (e.g. FAT, enhanced low cloud mixing efficiency). Identification of robust positive feedback mechanisms has bolstered our confidence in the GCM and IPCC consensus that overall global cloud feedbacks are likely to be positive, and hence that ECS is more than 2 K and possibly as large as 4.5 K. In addition, LESs suggest that low cloud response can be regarded as a linear combination of responses to a few primary forcing agents such as changes in surface temperature, inversion strength, subsidence, radiative driving or wind speed [23] that operate on all time scales and can therefore be observationally calibrated based on daily to interannual variability and then extrapolated to infer regionally varying cloud responses to climate change [72] . In the next decade, computational and observational advances make the prospects for further insights from high-resolution modelling of cloud feedbacks bright, though the challenges to realizing this potential also loom large due to the diverse processes that regulate clouds around the world. 
